Objective To characterise fronto-striatal white matter white matter (WM) tracts in relation to cognition in AOS. Design. A MRI volumetric and diffusion tensor imaging study. Participants Thirty-seven AOS subjects and 24 age and sex matched healthy subjects Outcome measures Using probabilistic tractography, cortical regions with the highest connection probability for each striatal voxel were determined, and correlated with IQ and specific cognitive functions after co-varying for age and sex. Conclusions. Fronto-striatal dysconnectivity in large WM tracts that can explain core cognitive deficits are evident during adolescence. Processing speed, which is affected 3 by alterations in WM connectivity, appears an intermediary variable in the cognitive deficits seen in schizophrenia.
by alterations in WM connectivity, appears an intermediary variable in the cognitive deficits seen in schizophrenia.
Introduction
Schizophrenia is a disorder of neurodevelopment(1) in which abnormalities give rise to psychotic symptoms and cognitive dysfunction. Functional neuroimaging studies strongly implicate the frontal cortex (2) yet few studies have found frontal cortical structural abnormalities in relation to cognition (3). MRI diffusion tensor imaging (DTI) tractography studies have found abnormal white matter tract integrity of the cingulum bundle (4), uncinate fasciculus (5), and superior longitudinal fasciculus (6) in relation to cognitive impairment. More specifically, in first episode schizophrenia (FES) white matter tract abnormalities (reduced FA and increased trace and radial diffusivity) between rostral medial frontal gyrus and rostral inferior frontal gyrus and the striatum have been found to be associated with executive dysfunction (7). There have been fewer studies of structural abnormalities and cognition in early-onset schizophrenia. However Epstein el al (8) found that lower FA in left inferior frontooccipital fasciculus and left inferior longitudinal fasciculus was associated with worse neurocognitive performance, a finding replicated in medication naive patients (9) . A combined DTI and fMRI study of working memory in adolescent-onset schizophrenia revealed fMRI changes within the anterior cingulate and ventrolateral prefrontal cortex (hyperactivation) and the cuneus (hypoactivation), whereas DTI findings were of consistently reduced FA in the splenium and posterior cingulum. (10) Altered functional connectivity and dopamine transmission in the striatum have been implicated in the cognitive impairment in schizophrenia (11) . It was hypothesized that altered structural integrity of fronto-striatal white matter tracts (connectivity), contributes to the cognitive deficits seen in this disorder. In order to test this we applied DTI probabilistic diffusion tractography (12) . Probabilistic tractography has advantages over conventional streamlining techniques in that it allows characterization of tracts even in areas of low fractional anisotropy, e.g. near their cortical or subcortical grey matter targets. Furthermore, probability density function (pdf) can be used as a robust, quantitative measure (strength) of structural connectivity between grey matter regions (12, 13) .
Adolescent-onset schizophrenia is associated with more severe cognitive impairment and generally worse clinical outcomes than adult-onset schizophrenia (14, 15) . It also offers the opportunity to test for clinico-pathological correlations without confounds from longer-term effects of medication and environmental factors of concern in adults. Here we are testing for fronto-striatal connectivities and their relationship to cognitive deficits in a well-characterised group of patients with AOS.
Methods

Subjects
Thirty-seven patients were recruited from adolescent units in the Oxford area. The Kiddie Schedule for Affective Disorders and Schizophrenia (16) was used to confirm a DSM V diagnosis of schizophrenia and the Positive and Negative Syndrome Scale (17) was used to assess symptom severity. All patients were receiving second generation antipsychotics (SGAs) ( Table 1) . Twenty-four healthy participants were recruited as controls through their general practitioners and were screened using the KSADS-PL for a history of emotional, behavioural or medical problems. All participants attended mainstream schools. slices, 1 x 1 mm 2 in-plane resolution, slice thickness 1mm, TE/TR = 5.6/12 ms, flip angle α=19°.
Diffusion-weighted images were obtained using echo-planar imaging (SE-EPI, TE/TR = 89/8500 ms, 60 axial slices, bandwidth = 1860 Hz/vx, voxel size 2.5 x 2.5 x 2.5 mm 3 ) with 60 isotropically distributed orientations for the diffusion-sensitizing gradients at a b-value of 1000s mm -2 and five b=0 images.
Image Analysis
Image analysis was carried out using tools from FSL (http://www.fmrib.ox.ac.uk/fsl) (26). Diffusion Tensor imaging and tractography: BET was used for brain extraction of the diffusion images. Affine registration matrix was calculated for transferring the masks into the diffusion space using FLIRT. Unconstrained probabilistic tractography was used to assess connectivity between seed and targets using the FMRIB Diffusion Tool (part of FSL). We calculated the probability of connectivity of each voxel in the seed with each voxel in the target masks separately. We then normalized the probability of connectivity in each voxel by changing the values to express the proportion of the total number of particles that reached any of the targets with connectivity value above 10. The normalized images were then thresholded at 0.1 (10%) to exclude spurious measures. This allowed us to create a connectivity-based segmentation of the seed mask as well as facilitated within subject and between-group comparison.
Seed and Target
Statistical Analyses
Standardised scores were used for analysis of WASI FSIQ, Digit Span, Coding/Digit Symbol, DKEFS scores and for the WMS/CMS and RCFT memory scores. Analyses of demographic, clinical and neuropsychological measures were performed in STATA version 12.0 with t-test, ANCOVA and Chi-square as appropriate (28).Voxel-wise group comparison and regression analysis of connectivity strength was performed using Randomise (permutation analysis tool in FSL; number of permutations=5000). Threshold-Free Cluster Enhancement (TFCE) was applied to identify meaningful clusters without using an arbitrary level of thresholding (29) .
False discovery rate (FDR) was used for corrections for multiple comparisons with p<0.05 (30) .
In the regression model, normalised PDF (connectivity strength) was taken as the independent measure to predict neuropsychological variables. The frequency of voxel clusters and their voxel number were plotted. Clusters of less than 50 voxels were characteristic of artefactual registration mismatches at tissue contrast edges and were excluded. In all analyses IQ, age and gender were included as covariates except for the regression of connectivity strength predicting IQ itself when only age and gender were covariates. burn-in of 30,000 was used, followed by 100,000 simulations; satisfactory convergence was achieved. Each model was fitted in two stages: the first stage including all variables; and the second being restricted to parsimonious models where coefficients with 95% credible intervals comfortably containing zero being set to zero.
Results
Demographics and neuropsychology
The two groups were matched for age, sex and handedness (Table 1) . As expected, FSIQ was significantly higher in controls than AOS patients. In order to establish whether there were differences in specific cognitive functions independent of FSIQ, a group contrast was performed using FSIQ as a covariate. The variables surviving this analysis were: verbal learning (F(1, 58) = 6.22, p = 0.016); verbal memory delayed recall (F(1, 58) = 9.22, p = 0.004) and processing speed (F(1,58) = 4.29, p=0.043).
Subsequent examinations of the relationships between connectivity strength and cognitive function were confined to FSIQ and these specific neuropsychological measures.
Neuroimaging
Total white and cortical grey matter volumes were lower in AOS than in the healthy controls ( Table 2) . Analyses of individual cortical mask volumes revealed that this difference was driven by lower volumes for the AOS in motor and lateral orbitofrontal cortices bilaterally with left-lateralised differences in the dorsolateral prefrontal and anterior cingulate cortices. There were no volume differences between AOS and controls in any other structures measured.
Bayesian Structural Equation Modeling
The most parsimonious model revealed significant pathways with (i) Coding as an intermediary variable to FSIQ (ii) sex, white matter and canV2 acting directly upon
Coding and only affecting FSIQ via Coding, (iii) diagnosis acting directly upon FSIQ and having no effect on Coding, (iv) grey matter having no significant effect on either 
Brain structural correlates of neuropsychological impairment
We tested the AOS group for parametric relationships between DTI measures of connectivity and those cognitive functional measures which distinguished them from controls (FSIQ, processing speed, verbal learning and verbal delayed recall memory).
Bilateral DLPFC-striatal connectivity showed a positive correlation with FSIQ within the AOS group (Figure 3) . This relationship was not found in the control group. 
Discussion
Summary of findings
Significant differences in the connectivity between the striatum and all frontal regions were found in AOS compared to healthy participants matched for age and sex.
Abnormal connectivity in specific striatal regions corresponds to those known to receive projections from the frontal cortex in healthy subjects (33) . AOS patients also demonstrated abnormal connectivity between dorsal striatum and the amygdalohippocampal complex and the anterior cingulate cortex. Connectivity was lower in patients for projections between the striatum and the amygdalohippocampal complex and the motor, lateral orbitofrontal and anterior cingulate cortices and greater for those between the striatum and the dorsolateral prefrontal and medial orbitofrontal cortices.
Implication of Findings
Our observations of a positive correlation of white matter connectivity strength between the striatum and the DLPFC with all of the cognitive measures studied are consistent with previous models of schizophrenia suggesting a pathophysiologically primary deficit in frontal-striatal outputs underlying the cognitive impairments in the disorder such as executive function, learning and memory (34, 35). Functional neuroimaging studies have strongly implicated dysfunctional DLPFC in the mediation of cognitive impairment in schizophrenia (36) . Recent work in healthy volunteers suggests that DLPFC is a key node in a network active when executive or cognitive control of diverse psychological operations is required for the performance of demanding tasks (37) and is consistent with observations in the normal and lesioned brain that have shown IQ deficits in association with bilateral DLPFC dysfunction (38) . While several studies using fractional anisotropy as an index of white matter structural integrity have found correlations with different measures of cognitive function in tracts linking frontal cortex and other cortical areas e.g., the cingulum bundle, uncinate fasciculus and superior longitudinal fasciculus (4-6), this study demonstrates a relationship between the structural connectivity of this major frontal outflow tract mediating executive control of behaviour and the typical profile of cognitive impairment seen in schizophrenia.
The full range of cognitive deficits characteristic of schizophrenia may be related to this pathology. Fry and Hale (39) provide evidence that during development, intelligence, working memory and information processing speed change together and that an age-related cognitive 'cascade' links these functions so that improved intelligence depends on improved working memory, which in turn is mediated by improved processing speed. Studies of the association between age-related fractional anisotropy, IQ and processing speed are consistent with this concept (40, 41) . As processing speed is a basic cognitive operation fundamental to the performance of many higher order tasks, it is likely that the DLPFC-striatal white matter projections support the processing speed requirements for the execution of the tasks used in our study to assess IQ and verbal memory, as well as the processing speed task itself.
Interpretations of the connectivity findings here need to be in the context of neurodevelopmental processes. . The striatum in schizophrenia is an active region of development during adolescence, with a specific age-related increase in overall Processing speed is thought to be a fundamental process in many executive functions, and possibly a core deficit in schizophrenia (45), so alterations in white matter connectivity, as measured by altered diffusion indices, make intuitive sense.
Furthermore, WM and sex were suggested to influence processing speed (Figure 1 ).
The finding that sex may influence processing speed, and hence IQ, has some support:
female superiority in processing speed has been noted in the general population (46) , and in those with schizophrenia (47) , and has been shown to differentially underlie the lesser memory impairments seen in females with schizophrenia (48) .
The finding of increased connectivity in certain tracts may seem surprising as previous studies of white matter in early-onset schizophrenia have reported reduced fractional anisotropy (FA) in white matter (49) . However, FA is a relative measure of a local diffusion of water representing white matter integrity. Probabilistic tractography relates to FA but provides a more sensitive and specific measure because both white matter integrity and orientation are integrated over the entire pathway connecting two pre-defined regions of interest. A study using similar methodology to ours found both increased and decreased connectivity in different tracts linking thalamus and the cerebral cortex (50) . A recent review (51) highlighted the increasing number of reports of increased FA in WM tracts in schizophrenia, while a study by Zhang et al (52) found a complex pattern of increased and decreased connectivities between cortical and subcortical structures, as demonstrated here.
Nevertheless, the question of higher connectivity is difficult to distinguish as either lower confounds from crossing fibres or higher density of parallel fibres. Further technological development is required to help clarify this.
Limitations
Another limitation of this study is that the patients were medicated. Corticostriatal functional dysconnectivity in psychosis could be a state-dependent phenomenon, with increased functional connectivity of the striatum to the prefrontal and limbic regions being associated with improvement in symptoms following antipsychotic treatment (53) . Furthermore, some of the patients were treated with clozapine, which has been shown to increase FA (54) . However, we found no relationship between connectivity strength and medication dosage.
Conclusions
These findings in AOS provide evidence that abnormalities in connectivity between frontal cortex and striatum are a fundamental pathological characteristic of schizophrenia. Because fronto-striatal tracts are thought to mediate the processing of information that ultimately motivates and controls action selection, this finding is important for understanding the aetiology of schizophrenia cognitive impairments.
Consistent with a growing literature, we found that the cognitive impairments were related to the connectivity strength of striatal projections from dorsolateral prefrontal cortex. As hypothetical mechanisms of cognitive impairment in schizophrenia suggest that DLPFC synaptic pathology causes aberrant glutamate and dopamine neurotransmission (34), our findings suggest that a better understanding of the abnormalities of DLPFC and its output circuitry are central to the development of treatments to improve cognitive function in schizophrenia. However, our study also highlighted the importance of pathology reflected in mesial temporal and orbitofrontal cortical connectivities for cognition, suggesting a functional-anatomic substrate for contributions of abnormal information salience and impaired sensorimotor inhibition to the expression of cognitive deficits in the disorder. 
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